Ⅲ INTRODUCTION
The elbow is a critical element for a functional upper extremity. The upper extremity consists of a linked system between the shoulder, elbow, wrist, and hand. The primary functions of the elbow are to position the hand in space, act as a fulcrum for the forearm, and allow for powerful grasping and fine motions of the hand and wrist. Loss of elbow function can cause significant disability and affect activities of daily living, work-related tasks, and recreational activities. A proper understanding of the elbow joint will aid the clinician in surgical and nonsurgical management. The first section discusses the normal anatomy of the elbow joint in terms of passive and active stabilizers. These include bony geometry, articulation, and soft tissue structures. The second section discusses elbow biomechanics, including kinematics, elbow stability, and force transmission through the elbow.
Ⅲ ANATOMY OF THE ELBOW Passive Stabilizers
Osteology. The distal humerus comprises two condyles forming the articular surfaces of the capitellum laterally and trochlea medially. The more prominent medial epicondyle is an attachment point for the ulnar collateral ligament and flexor-pronator group. The less prominent lateral epicondyle is an attachment point for the lateral collateral ligament and extensor-supinator group. Anteriorly, the coronoid and radial fossa accommodate the coronoid process of the ulna and radial head, respectively, during flexion. Posteriorly, the olecranon fossa accommodates the olecranon process of the ulna during extension (Fig. 1 ). 1 The proximal radius includes the cylindrical shaped radial head, which articulates with both the radial notch of the ulna and capitellum of the humerus. The radial neck at its most distal aspect has the radial tuberosity, which is the insertion of the biceps tendon (Fig. 1 ). 1 The bony geometry of the proximal ulna provides the elbow articulation with an inherent stability, especially in full extension. The beaked greater sigmoid notch (also known as the incisura semilunaris) articulates with the trochlea of the humerus, and comprises the olecranon (site of triceps attachment) and coronoid process (site of brachialis attachment). On the lateral coronoid process, the radial notch (semilunar notch) articulates with the radial head. The crista supinatoris tuberosity is on the lateral aspect of the proximal ulna and serves as the attachment for the lateral ulnar collateral ligament. On the medial aspect of the proximal ulna, the anterior portion of the medial collateral ligament attaches to the coronoid process (Fig. 1) .
The medial and lateral cutaneous nerves at the elbow lie superficial to the deep fascia and therefore can be protected by the surgeon's use of full-thickness skin flaps. [2] [3] [4] Articulation. The elbow joint is highly congruous and is made up of the articulation between the radius, ulna, and humerus bones. The ulnohumeral joint is a hinge (ginglymus) joint with motion of flexion and extension. The proximal radioulnar and radiohumeral joints are pivoting joints (trochoid) allowing rotation. 1, 5 The trochlea of the distal humerus is a pulley-shaped surface that is larger medially than laterally, and it articulates with the sigmoid notch of the proximal ulna. Laterally, the capitellum articulates with the radial head. The trochleocapitellar groove between the trochlea and capitellum is a point of articulation for the rim of the radial head. 1 Both the capitellum and sigmoid notch are covered with hyaline cartilage. 6 In relation to the humeral shaft, these articular surfaces are oriented 30°anterior, in 5°internal rotation, and in 6°of valgus angulation (Fig. 2) . 1, 7 The proximal radius has a cylindrical head with hyaline cartilage covering both the depression for articulation with the capitellum and also at the outside circumference of the radial head. Approximately 240°of the radial head has hyaline (articular) cartilage, with the anterolateral third devoid of hyaline cartilage. The head and shaft form an approximate 15°angle to the shaft. 1 The proximal ulna consists of the coronoid and olecranon process (Fig. 1) . These make up the saddle-shaped, ellipsoid articular surface of the sigmoid notch. The midportion of the sigmoid notch is usually devoid of articular cartilage where it is covered by fatty tissue. 8 The greater sigmoid notch has an arc of approximately 190°. 9 The greater sigmoid notch opens 30°posterior to the long axis of the ulna. This angle complements the 30°a nterior angle of the distal humerus and articular surface. 1 The lesser sigmoid notch has an arc of approximately 70°and articulates with radial head at the lateral coronoid. 10 The carrying angle of the elbow is formed by the longitudinal axis between the humerus and ulna when the elbow is in full extension. In females, the average valgus angle is 13°to 16°, whereas in males, it is 11°to 14°. 1 The joint capsule normally has a thin anterior portion. The anterior capsule becomes taut in extension and lax in flexion. The normal volume capacity of the joint is 30 ml, 11 with the greatest capacity occurring at approximately 80°flexion. 1, 12 Ligaments. The ligamentous complexes stabilizing the elbow joint are medial and lateral capsular thickenings that form the medial and lateral collateral ligaments. The triangular medial (ulnar) collateral ligament comprises three components, including the anterior bundle, posterior bundle, and transverse segment (Fig. 3) . The anterior bundle is the significant component of the medial collateral ligament complex. The posterior bundle (Bardinet ligament) is a posterior capsular thickening and is best defined at 90°flexion. 1, 13 The transverse ligament (ligament of Cooper) contributes little to elbow stability. 1 The medial collateral ligament originates from the broad anteroinferior medial epicondylar surface. 14 The anterior bundle attaches inferior to the axis of rotation and inserts to the sublime tubercle at the medial coronoid process. The posterior bundle attaches inferior and posterior to the axis of rotation and attaches to the medial mar- gin of the trochlear notch and is tight in flexion. The transverse ligament is limited to the ulna. 1, 14 The anterior bundle width averages 4 to 5 mm, whereas the posterior bundle width averages 5 to 6 mm. 15 The lateral (radial) collateral ligament complex consists of the radial collateral ligament, annular ligament, lateral ulnar collateral ligament, and accessory lateral collateral ligament (Fig. 3) . 1 The radial collateral ligament originates from the lateral epicondyle and inserts to the annular ligament. It also serves as a partial origin for the supinator muscle. The average dimensions of the ligament are 20 mm in length and 8 mm in width. The origin of the ligament is close to the axis of rotation and is therefore uniformly taut throughout flexion-extension movement (Fig. 4) . 1, 15 The annular ligament maintains contact between the radial head and ulna at the lesser sigmoid notch. It originates and inserts on the anterior and posterior margins of the lesser sigmoid notch. The anterior insertion becomes taut during supination and the posterior origin becomes taut in pronation. 1 The lateral ulnar collateral ligament originates at the lateral epicondyle and inserts at the tubercle of the supinator crest of the ulna. It functions as the primary lateral stabilizer of the ulnohumeral joint, and deficiency of this ligament results in posterolateral rotatory instability. 16 The accessory lateral collateral ligament blends with fibers of the annular ligament and inserts to the tubercle of the supinator crest. It functions to stabilize the annular ligament during varus stress at the elbow. 1, 13 The oblique ligament is a small structure comprising the fascia overlying the deep head of the supinator between the radius and ulna, and is believed to have limited functional importance. 1 The quadrate ligament is a thin fibrous layer between the annular ligament and ulna and is a stabilizer 
Active Stabilizers
Muscles. The muscles crossing the elbow joint can be divided into four main groups. Posteriorly, the elbow extensors cross the elbow joint, and are innervated by the radial nerve. Laterally, the wrist and finger extensors and the supinator are found and innervated by the radial nerve. Medially, the flexor-pronator group, including the flexor carpi radialis, flexor carpi ulnaris, palmaris longus, and pronator teres, crosses the joint, and are innervated by the medial and ulnar nerves. Anteriorly, the elbow flexors cross the joint, and are innervated by the musculocutaneous nerve. 1 The extensor muscles, including the brachioradialis, extensor carpi radialis brevis, and longus muscles, originate at the lateral epicondyle. This group has been termed by Henry 1,13 as the mobile wad of three (Table 1) .
Ⅲ BIOMECHANICS OF THE ELBOW Elbow Stability and Stabilizing Structures
The elbow joint is a highly congruous and stable joint. The passive and active stabilizers provide biomechanical stability in the elbow joint. The passive stability results from both the highly congruent articulation between the humerus and ulna and the soft tissue constraints. The active stability is caused by joint compressive forces provided by the muscles. Passive Bony Stabilizers. The ulnohumeral joint is a highly congruous joint and is a dominant factor as a passive bony stabilizer. The contribution of articular geometry of the radial head to elbow stability has been evaluated with successive removal of parts of the proximal ulna. 17 A linear decreasing relationship in stability was seen with successive removal of the olecranon, in both flexion and extension positions (Fig. 5) . In extension and flexion, 75% to 85% of valgus stress was found to be resisted by the proximal half of the sigmoid notch. The distal half of the sigmoid notch (coronoid) resisted 60% of varus stress in flexion and 67% in extension. 17 The elbow becomes more unstable as successive portions of the coronoid are removed. With radial head resection, this instability occurs earlier with less coronoid resection (Fig. 6 ). 1 The contact areas in the elbow joint vary with the type of applied stress. In a laboratory study, contact areas of the elbow have been shown to occur at four facets in the sigmoid fossa, two at the coronoid and two at the olecranon (Fig. 7) . 1 With varus and valgus loads, the contact changes medially and laterally, respectively. Morrey et al. 18 have experimentally shown a varusvalgus pivot point just lateral to the middle of the lateral face of the trochlea.
As previously described, the carrying angle is formed by the longitudinal axis between the humerus and ulna in full extension. In females, the average valgus angle is 13°to 16°, whereas in males, it is 11°to 14°. 1 The carrying angle orientation changes from a valgus orientation in extension to varus orientation in flexion. 19 For simplicity, one may assume that the ulnohumeral joint is a pure hinge joint, and that the axis of rotation coincides with the trochlea so that the change in carrying angle with flexion is caused by anatomic variations of the articulation.
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Passive Soft Tissue Stabilizers. Passive soft tissue stabilizers include the medial and lateral collateral ligament Other components of the lateral collateral ligament complex include the radial collateral ligament, the annular ligament, and the accessory lateral collateral ligament. 1, 21 The lateral and medial ligament complexes differ in their site of origin. The lateral collateral ligament originates from the lateral condyle at the point where the axis of rotation of the elbow passes through. This ligament has a fairly uniform tension throughout range of motion, because it originates at the axis of rotation (Fig. 8) . 1 The medial collateral ligament consists of two main components, neither of which originates on the axis of rotation of the elbow. The anterior bundle of the medial complex has been further subdivided into an anterior band that is taut in extension and a posterior band that is taut in flexion. As the point of origin of the different components of the medial complex do not occur at the axis of rotation, the different components are not uniformly taut during elbow flexion and extension (Fig. 8 ).
1
Interplay Between Passive Stabilizers. The contributions of elbow ligaments and articular components have been shown through materials testing by sequentially eliminating a component and determining the resultant instability. 1 The contributions of the articular geometry and ligaments to varus and valgus loads were studied by Morrey and An. 22 In 90°elbow flexion, the medial collateral ligament is the primary stabilizer to valgus stress, whereas in extension, the medial collateral ligament, anterior capsule, and bony fit (articulation) are fairly equally resistant to valgus stress. 22 The bony articulation provides much of the stability to varus stress with the elbow in both flexion and extension. 21 Eighty-five percent of the resistance of the joint to distraction is caused by the anterior capsule in extension, whereas only 8% of resistance is caused by the anterior capsule in 90°e lbow flexion. With elbow flexion, 78% resistance to traction is provided by the medial collateral ligament complex.
1, 21 Morrey et al. 19 showed that the primary restraint to valgus stress is the medial collateral ligament and the secondary stabilizer is the radial head. As can be seen in Figure 9 , the removal of the radial head becomes significant if the medial collateral ligament is released.
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Active Stabilizers
Muscles crossing the elbow joint and their function have been previously described (Table 1) . 1, 13 The line of pull and contraction of muscles across the elbow joint create forces within the joint at the humerus, radius, and ulna. These balanced forces likely function as dynamic stabilizers of the joint. During maximal isometric elbow flexion, forces acting on the humerus, coronoid, and radial head have been determined. The largest forces were seen axially at the distal humerus near full extension, but decreasing forces were seen with increasing elbow flexion. 24 Elbow joint compressive forces in both isometric flexion and extension have been reported. 25 Forces in the sagittal plane on the distal humerus in isometric flexion and extension are seen in Figures 10A and 10B . 25 Force Transmission Through the Elbow. Determining force distribution across the elbow is a difficult task. Investigators have used both experimental and analytical methods. Analytical models require knowledge of the muscles crossing the joint, the physiologic crosssectional area, the moment arm, the line of pull, the muscle activity during motion, and the number of muscles involved. An et al. 26 found that of the muscles crossing the elbow joint, the brachialis and triceps muscles have the largest work capacity and contractile strength.
With extension and axial loading, the distribution of stress is 40% across the ulnohumeral joint and 60% across the radiohumeral joint. 1 Another cadaveric study has shown that only 12% of the axial load is transmitted across the proximal ulna with valgus alignment and 93% of the force is transmitted through the proximal ulna with varus alignment. 27 Morrey et al. 28 measured force transmission through the radial head. A force transducer was placed at the radial neck as a flexion force was applied through the brachialis and biceps muscles. The extension forces were passive. Radial head forces were greatest from 0°to 30°f lexion and always higher in pronation (Fig. 11) . 28 An and Morrey 21 calculated the force in the ulnohumeral joint and found that the joint force in the ulnohumeral joint can range from one to three times body weight with strenuous lifting (Fig. 12) . The direction of the resultant joint force changes with flexion angle, pointing more anteriorly with elbow extension and posteriorly with elbow flexion. The stress on the articular cartilage in the trochlear notch was evaluated by An et al. 29 As the joint surface is not a simple shape, a spring model was adopted to determine the contact pressures. The study showed that contact pressure depends on the direction and magnitude of the compressive force. When the force was oriented at the center of the articular surface, the contact stress was equally distributed throughout the articular surface. When the force was directed in an anterior or posterior direction towards the margin of the articulation, the weight-bearing surface was smaller, the contact stresses were higher, and the stress distribution was uneven (Fig.  13) . 29 Askew et al. 30 studied the isometric elbow strength in over 100 people. Elbow flexion, extension, pronation, and supination were measured with the elbow at 90°f lexion in neutral rotation. The results showed men to be twice as strong as women and the dominant arm to be, on average, 6% stronger than the nondominant arm.
Function
Supination and Pronation. The primary motion of the forearm is supination and pronation, with the axis of rotation passing from the proximal radial head to the convex articular surface of the ulna at the distal radioulnar joint. 1 Morrey et al. 19 reported an average supination of 75°and average pronation of 70°. For most activities of daily living, most authors concur that 50°pronation and 50°supination are adequate.
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Flexion and Extension. Fischer 1 in 1909 showed elbow flexion and extension to occur around an instant center of rotation involving an area of 2 to 3 mm in diameter at the trochlea (Fig. 14) . More recently, An and Morrey 1 demonstrated that the orientation of the screw axis varies by as much as 8°from patient to patient. This inspired the development and use of semiconstrained elbow implants. For all practical purposes, the deviation of joint rotation is minimal, and elbow motion can be thought of as a uniaxial joint except at the extremes of flexion and extension. 1 With this simplification, the axis of rotation can be thought of a line passing from the inferior medial epicondyle through the center of the lateral epicondyle. 1 Elbow range of motion consists of flexion and extension from 0°(full extension) to 140°flexion. Morrey et al. 19 showed that most activities of daily living can be performed in the 30°to 130°range. The elbow is often mistakenly thought of as a simple hinge joint because of the congruous and stable ulnohumeral articulation. Studies have shown that in addition to flexion and extension, the ulnohumeral joint also has 6°axial rotation secondary to the obliquity of the trochlear groove (Fig. 15) . 19, 31 Range of Motion. Normal elbow range of motion is from 0°to 150°, and forearm rotation averages 75°pro-nation and 85°supination. When the forearm muscles are removed from cadaver specimens, elbow flexion increases to 185°. The range of motion increases even further to 210°, after sectioning of the ligamentous structures. 1 Factors limiting extension likely include the impact of the olecranon process on the olecranon fossa, tension of the anterior bundle of the medial collateral ligament, and the flexor muscles. 1 Factors limiting flexion include the impact of the coronoid process against the coronoid fossa, the impact of the radial head against the radial fossa, and the tissue tension from the capsule and triceps muscle. 1 Pronation and supination motions are restricted more by the passive stretch of antagonistic muscles than by ligaments, although the quadrate ligament has been shown to provide static constraint to pronosupination motion. 1 
Ⅲ CONCLUSION
The elbow is a complex and critical link in the upper extremity, as a nonfunctional elbow is extremely limiting to the activities of daily living. An understanding of the anatomy and biomechanics is important for both the surgeon and researcher. This knowledge will help advance surgical treatments and acute fracture management, aid in the development of new elbow prostheses, and stimulate new areas of research. 
